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ABSTRACT OF THESIS

TRYPTOPHAN-LIKE FLUORESCENCE AND NON-POINT SOURCE POLLUTION
IN KARST BASINS, INNER BLUEGRASS REGION, KENTUCKY

Typically, the degree of fecal contamination of water is assessed by the concentration of
thermotolerant coliforms, like E. coli. This method is time-consuming, taking > 18 hours
between the start of incubation and subsequent enumeration. The current study examines
the utility of monitoring tryptophan-like fluorescence (TLF) using in-situ fluorometers as
a proxy for fecal contamination, particularly E. coli. Relative timing of discharge peaks
and TLF peaks is considered, as well as differences in E. coli concentrations and major
anion concentrations between two different basins that were monitored weekly. Results
indicate that TLF is somewhat useful in the prediction of E. coli within the basin of
interest, but the predictive model is strengthened by incorporating other environmental
parameters. Additionally, a competing model of E. coli prediction did not include TLF.
Overall, TLF is moderately positively correlated to E. coli, but the relationship is not
robust enough to justify using it over more easily and affordably monitored proxies. TLF
peaks correspond to discharge peaks, usually occurring ~ 6 to ~ 53.5 hours after
discharge peaks but sometimes occurring ~ 1 to ~ 24 hours prior to discharge peaks.
Differences in major anion concentrations between basins may reflect differences in land
use.
KEYWORDS: Tryptophan-like Fluorescence, Dissolved Organic Matter, Water Quality,
Major Anions, E. coli
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Chapter 1. Introduction
1.1 Overview
The importance of water quality cannot be overstated. As many as 2 billion
people on the planet do not have access to safely managed drinking-water services
(WHO, 2022). In areas where open defecation is common practice, pipes are damaged,
and/or water treatment and infrastructure are poorly maintained, many people become ill
or die annually due to waterborne illnesses. It is estimated that 829,000 people die
annually as a result of diarrhea caused by the consumption of unclean drinking water
(WHO, 2022). These waterborne illnesses are often caused by enteric microorganisms,
which can cause a range of ailments in humans.
In the USA, 750,000 to 5.9 million illnesses are contracted through groundwater
annually, and as many as 50% of wells have some degree of fecal contamination (Macler
and Merkle, 2000). The pathogenic microorganisms responsible for this contamination
can enter the subsurface through a multitude of pathways, such as surface runoff, failing
septic systems, overflowing sanitary sewers, and wastewater discharge. Karst aquifers are
susceptible to contamination because surface and subsurface drainage are integrated
through dissolution features. The solution-enhanced flow paths allow for groundwater to
flow very rapidly (tens to hundreds of meters per hour), which limits the straining and
adsorption of particulate matter that occurs in other aquifers. Bacteria can be transported
in karst conduits and either remain in suspension as planktonic cells or adhere to
sediments, where they can remain viable for weeks to months (Gunn et al., 1997;
Marshall et al., 1998). These bacteria can subsequently be remobilized with resuspension
of sediments following storms (Sherer et al. 1988, 1992).

1

Approximately 50% of Kentucky is underlain by limestone and is thus prone to
development of karst features (White, 1988; Currens, 2002). As of 2020, karst aquifers
supplied water directly for 157,573 residents of Kentucky, and indirectly for another
173,792. In total, 331,365 residents of Kentucky (7.42% of the state’s population) were
served by karst aquifers (Kentucky Division of Water [KDOW], 2020; Kentucky State
Data Center, 2020). Georgetown is the largest community in Kentucky that still relies
primarily on groundwater for municipal water supply. Georgetown Municipal Water and
Sewer Service extracts water from Royal Spring and serves 33,075 people directly
(KDOW, 2020). Royal Spring is recharged by Cane Run via streambed infiltration
(Barton et al., 2012). Cane Run has been identified as impaired by fecal contamination
that is likely sourced from sewage leaks (Currens et al., 2019), as have several other
spring basins in Kentucky (Amraotkar et al., 2015; Coakley et al., 2015; Baughn et al.,
2019).
Karst geology can be extremely complicated in its morphology, processes, and
development, and karst aquifers differ markedly from other types of aquifers (Bakalowicz
et al., 2005). Groundwater flow in karst aquifers can vary with regional geology, nature
of the epikarst and overlying soils, and the nature of the unweathered bedrock beneath the
epikarst (Williams et al., 2008). Multiple sources of recharge exist for karst aquifers,
including 1) allogenic recharge, where water enters the aquifer at swallets in sinking
streams, 2) internal runoff, where stormwater flows into closed depressions and is drained
by sinkholes, 3) diffuse infiltration, where water from precipitation infiltrates into the soil
and can be held in the epikarst for extended periods, and 4) recharge water that is
supplied from perched catchments (White, 2003). Groundwater integrates flow from
2

multiple pathways and discharge is focused at springs, which are excellent places to
monitor contaminants within the aquifer (White, 2003).
In order to better delineate flow paths and understand storage within the karst
aquifers, tracer tests are frequently used (Luhmann et al., 2012). Typical groundwater
modeling approaches are limited because of the variety of ways by which water can enter
a karst aquifer, as well as heterogeneity within the aquifer. Darcy’s law is not valid in
instances of turbulent flow (i.e., within conduits) (Lee and Krothe, 2001; Bakalowicz et
al., 2005). Tracer tests help to understand contaminant transport from a point of injection
to a monitoring point such as a well or a spring. A significant loss of tracer would suggest
that the tracer is temporarily stored in the soil or epikarst, or could have travelled along
another flow path to another spring or seep (Luhmann et al., 2012).
Addressing fecal contamination in groundwater using traditional methods can be
time-consuming. Among the most common fecal indicators are thermotolerant coliforms
(TTCs) and Escherichia coli. Currently, these are enumerated by membrane filtration or
the Quanti-Tray Colisure™ test (IDEXX, 2022). For either of these tests, samples must
be cultured and incubated prior to enumeration, which takes ≥ 18 hours total, not
including the transport time of a sample from the location of collection to the laboratory
(IDEXX, 2022; U.S. Food and Drug Administration, 2020). This means that
contamination events will only be identified retroactively, and many people may have
already been exposed to these waters, especially in distribution systems with inadequate
treatment. Because daily sampling for TTCs and E. coli can be impractical, samples are
often only collected for laboratory analysis on a weekly or monthly basis. This is
problematic for drinking-water sources as contamination events in distribution systems
3

typically occur over a short period of time and are stochastic (Stedmon et al., 2011). A
proxy of fecal indicators that could be monitored more easily and quickly would be
preferable.
Dissolved organic matter (DOM) has recently grown in popularity as a relatively
simple indicator of microbial water quality. In particular, tryptophan-like fluorescence
(TLF) has been positively correlated with both TTC and E. coli counts (Elliot et al.,
2006a; Sorensen et al., 2015, 2018b; Mendoza et al., 2020). When subjected to light of a
certain wavelength, fluorescent DOM (FDOM) fractions will be excited and emit light of
a greater wavelength. Recent advances enable LED lights to operate at very low voltage
and energy consumption, thus allowing fluorometers to be deployed in the field for weeks
or months at a time. Their maintenance is minimal and does not require a high level of
expertise (Hart and JiJi, 2002; Bridgeman et al., 2015).
TLF describes the portion of FDOM that is excited at ~280 nm and emits at ~350
nm (Sorensen et al., 2020, 2021). This excitation-emission range is associated with
indole-containing compounds. Several studies have suggested that TLF in freshwater
riverine environments impacted by sewage most commonly comes from protein
molecules sourced from microbes (Hudson et al., 2008; Bridgeman et al., 2015;
Cumberland et al., 2011). Moreover, TLF has been found to be the most biodegradable
portion of DOM in wastewater treatment plants (Yang et al., 2014).
The study of the linkage between TLF and E. coli and other fecal indicator
bacteria stems from the understanding that TLF is intrinsically related to labile organic
carbon (OC) and microbial activity (Cammack et al., 2004; Lapworth et al., 2007;
Hudson et al., 2007, 2008). Tryptophan is an essential amino acid that is critical for
4

protein formation associated with cell growth (Coble et al., 2014; Hogg, 2005). For
example, TLF is correlated strongly with increasing E. coli populations in laboratory
settings when no other sources of interference are present (Fox et al., 2017). Tryptophan
may also be released when cells die or are introduced into nutrient-limited conditions,
where they change from a culturable to a dormant viable state (Arana et al., 2004).
Sorenson et al. (2020) found that even in samples which showed a decreased TLF signal
after filtration, 93.2–97.2% of TLF was still extracellular.
TLF may be a broader measure of microbial activity in the environment than
existing fecal indicators and could be useful for modeling virus transport in groundwater.
Tryptophan can be transported as a solute, whereas microbes are prone to straining and
adsorption in geologic media (Baker et al., 2007; Borchardt et al., 2007; Hunt et al.,
2014). In addition, significant correlations have been found between TLF and various
water-quality parameters, including total OC, dissolved OC, biochemical oxygen
demand, and microbial enumerations by flow cytometry and other techniques (Hudson et
al., 2008; Aiken, 2014; Baker et al., 2014; Yang et al., 2014). These suggest that TLF is a
proxy for activity of a variety of microbes. Focusing on correlations between TLF and
TTCs or E. coli as an indicator of fecal contamination is inexact because not all TTCs are
fecal in origin (e.g., species from the Citrobacter and Klebsiella genera are not fecal) and
only a small number of E. coli strains are pathogenic (Haas et al., 1999), with the most
dangerous being the O157:H7 serotype. There are also challenges in quantifying TLF
because of interference from turbidity (Sorensen et al., 2015; Mendoza et al., 2020),
quenching of TLF signal due to increasing temperatures (Elliot et al., 2006b), and bleed-
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through of humic-like fluorescence (HLF) signal into the TLF spectral region (Sorensen
et al., 2018a).
The overlap of TLF and HLF can lead to false positives of TLF as a result of HLF
raising the baseline TLF concentration. While TLF has proven to be an effective
predictor of E. coli and TTC concentrations in some studies, the relationship varies
among basins and sources. One study found that the correlation between log TLF and log
E. coli in different storm sewers and urban rivers was highly variable, ranging from 0.2 to
0.7 (Baker et al., 2004). In addition to these limitations, Ward et al. (2020) found that
TLF could not distinguish between low (1–9 colony-forming units [cfu]/100 mL) and no
(0 cfu/100 mL) TTC risk groups, but that it could distinguish between these classes and
medium (10–99 cfu/100 mL), high (100–999 cfu/100 mL) and very high (>1000 cfu/100
mL) risk groups, and that these classes could be distinguished from each other. These
results indicate that more work needs to be done to understand the variability between
different basins and different sources, and that TLF is more likely to be useful as a highlevel screening tool for fecal contamination.
Notwithstanding these potential limitations, in-situ deployment of TLF sensors
has been investigated in multiple recent studies (Mendoza et al., 2020; Sorensen et al.,
2015, 2018a, 2018b, 2020, 2021; Ward et al., 2020, 2021). Much of this work has utilized
TLF as a screening tool for water contamination in low or middle-income countries and
remote areas, where access to specialized equipment and sterile conditions for microbial
enumeration may be problematic (Sorensen, 2020). At the same time, these populations
are typically at highest risk of contracting water-borne illnesses due to their lack of
sanitation and water infrastructure.
6

In addition to E. coli and TLF, major anion concentrations can be monitored as an
indicator of non-point source pollution. E. coli can be associated with elevated nitrogen
levels from animal or human waste (Davies‐Colley et al., 2004; Karr et al., 2003; Wang
et al., 2018) and both E. coli and major anions can give insight into other sources of nonpoint source pollution, such as runoff from highways and urbanized areas. Chloride can
be sourced from deicing salts applied during winter and can subsequently be leached
from soils by rainfall (Robinson and Hasenmueller, 2017). Sulfate is an impurity in
deicing salt; natural rock salt can contain as much as 4% calcium sulfate (Pitt et al.,
1987).
The primary objective of this study is to assess the utility of TLF as a screening
tool for E. coli relative to other traditional and more economical proxies. The most
notable of these is turbidity, but recent precipitation and air temperature will also be
considered. Few studies of this type have been conducted in karst media (Frank et al.,
2018, 2020). Figure 1 shows conceptually how E. coli and TLF can be introduced into
karst aquifers, including through the recharge pathways noted above and by leaking
sewers and septic systems. Figure 1 also shows that bacteria can be deposited in karst
conduits and remobilized with sediments during subsequent storm flows. A secondary
objective of this study is to compare temporal variability in E. coli concentrations and
other water-quality parameters, including anions, between two karst basins with similar
geologic and climatic settings but differing land uses.
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Figure 1. Simplified schematic demonstrating flow of water and possible sources of TLF
and E. coli in karst terrain.
1.2 Study Area
The Inner Bluegrass region of Kentucky is underlain by limestone and is
characterized by well-developed karst features and significant interchange between
surface water and groundwater. For this project, I monitored two sites: Royal Spring
8

(Figures A2, A3), which drains part of the Cane Run watershed in Fayette and Scott
counties, and a site on Camden Creek at the hydrologic outlet of the University of
Kentucky (UK) Animal Research Center (ARC) in Woodford County (Figure 2). The
Cane Run/Royal Spring (CR/RS) basin is characterized by urbanization in its headwaters,
which lie within the Lexington urban service boundary, and near its outlet in Georgetown
(Husic et al., 2019a). Horse farms account for roughly 60% of the basin’s land use. Land
use at the ARC is dominated by animal agriculture and row crops. Both sites have been
studied for more than two decades by researchers in the UK College of Engineering, the
UK College of Agriculture, Food and Environment, and the Kentucky Geological Survey,
and instruments for monitoring flow and water quality are currently deployed at each site.
In addition, there is a U.S. Geological Survey (USGS) stream gauge at Royal Spring.
The exact location of the Camden Creek monitoring site was changed three times
throughout the study. On July 14, 2021, the site was moved ~ 110 m downstream of the
original sampling site for ease of access. On August 11, 2021, the site was moved ~ 45 m
upstream so that it was above the V-notch weir beneath the U.S. 60 bridge at the site. On
September 1, 2021, the sampling site was moved ~ 5 m further upstream to be near a
grate under the bridge where one of the fluorometers would subsequently be attached
(Figure A4). The first two moves may have resulted in differences in measured values, in
part because of the differences in the flow regime at each site (e.g., the first site was
located in a pool while the second was located in a riffle). However, because most of the
study occurred after these moves, it is assumed that they did not influence the overall
results significantly.
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Figure 2. Locations of study sites.

1.3 Regional Setting
The climate of the Inner Bluegrass region is defined as a Cfa type (humid
subtropical) by the Köppen-Geiger climate classification system (Brugger, 2017). The
climate is temperate midcontinental and has four distinct seasons. Monitoring at the ARC
from June 2003 to December 2006 indicated that the average annual precipitation was
1253 mm/year and the average annual temperature was 13.3 °C (Ford et al., 2019).
Between 2001 and 2020, average annual temperature ranged from 12.5 °C to 14.8 °C and
average annual precipitation ranged from 851 mm/year to 1828 mm/year (Midwest
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Regional Climate Center, 2022). The region does not have distinct wet and dry seasons
but receives moderate to intense precipitation throughout the year.
The Inner Bluegrass region is the ~30% of the Bluegrass region that is underlain
by the Lexington Limestone, a relatively flat-lying, Upper Ordovician-aged unit that is
composed almost entirely of fossiliferous, argillaceous limestone (McFarlan, 1943;
Clepper, 2011) with some interbedded thin shales throughout. This formation is underlain
by the Tyrone Formation and is below the Clays Ferry Formation.
The Inner Bluegrass region is characterized by gently rolling fluviokarstic
landforms. Relief is typically less than 49 m. The highest elevations, roughly 335 m
above sea level, are found in the interior of the region. In the southern and western
extremes of the region along the Kentucky River, elevations range from 143 to 167 m
above sea level (McGrain and Currens, 1978). The topography is largely dominated by
the rock units exposed at or near the surface.
Groundwater basins that have been delineated through dye tracing in the Inner
Bluegrass region are typically < 15 km2 (Currens, 2002; Currens et al., 2014). The overall
flow in these systems is parallel to NW-SE-oriented linear features and faults (Currens
and Paylor, 2009). The Royal Spring groundwater basin is 58 km2 and the Cane Run
watershed is 96 km2 (Husic et al., 2019b). Dye traces performed at the ARC have shown
the cumulative drainage area to be 1069 ha, whereas the surface drainage area is only 771
ha (Keagy et al., 1993; Reed et al., 2010, Ford et al., 2019).
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1.4 Cane Run/Royal Spring Basin Previous Work
Within the CR/RS basin, well-drained silt-loam soils overlie the phosphatic
limestones (UK Biosystems and Agricultural Engineering, 2011). Epikarst features are
prevalent and exposed in many areas, either naturally or anthropogenically (Husic et al.,
2019a). More than 60 swallets have been identified in Cane Run, ranging in diameter
from 10 to 100 cm (Al Aamery et al., 2021), and the creek is ephemeral below the
headwaters as a result of subsurface stream piracy (Husic et al., 2017a). This pirated
water eventually flows into relatively small anastomosing conduits that converge into the
phreatic conduit, which lies ~ 15–20 m below the ground surface and is ~ 5.4 m2 in cross
section at its midpoint (Thrailkill et al., 1991; Paylor and Currens, 2004; Zhu et al., 2011;
Taylor, 1992). The phreatic conduit diverts water to the northwest and surfaces at Royal
Spring.
The Cane Run and Royal Spring Watershed Based Plan (UK Biosystems and
Agricultural Engineering, 2011) presented a compilation of previous work on the
physical structure, water-quality parameters, and pollution sources in the watershed.
These studies indicated that the watershed is heavily impacted by FC and other biological
indicators, sediment from erosion, and nutrients that can cause eutrophication
(particularly phosphorus). These pollutants are sourced from class V injection wells,
sanitary sewer overflows, failing sewer lines and septic tanks, straight pipes and other
unpermitted discharges, livestock raising and other agricultural activities, waste from
wild and domestic animals, lawn fertilizers, and urban and agricultural erosion. The plan
provided pollutant goals, estimated costs necessary to achieve those goals, and identified
governmental and non-governmental entities that could aid in reaching those goals. The
12

proposal highlighted best management plans for the 10 sub-catchments of Cane Run,
including such approaches as nutrient management, riparian forest buffers, filter strips,
pest management, sinkhole protection, bioretention systems, heavy-use area protection,
porous pavements, and retention ponds. Additionally, the plan highlighted the importance
of educating the public.
Research studies in the CR/RS basin have focused on understanding local karst
hydrology, sediment and bacterial transport, and carbon and nutrient cycling. Paylor and
Currens (2004) injected fluorescent dyes over a range of flow rates to delineate basin
boundaries and create solute travel time maps from injection points to Royal Spring.
Geophysical investigations (Zhu et al., 2011; Sawyer et al., 2015; Tripathi and Fryar,
2016), including electrical resistivity and self-potential techniques, were used to delineate
the anastomosing conduit network in the CR/RS basin. Al Aamery et al. (2021)
developed a numerical hydrologic model of the basin that incorporated connections
between stream and conduit flow paths via swallets.
With regard to particle transport, Husic et al. (2017a) showed that sediment in the
phreatic conduit is mobilized during storm events, but the transport capacity is much
lower than in the ephemeral surface stream. Heterotrophic bacteria are active in the
conduit, causing degradation of sediment OC. Bandy et al. (2020) injected rhodamine
WT dye, latex microspheres (abiotic, bacteria-sized particles), and two different strains of
E. coli (high- and low-attachment) under baseflow conditions into a sinkhole 6.25 km
upgradient of Royal Spring. The tracers traveled through the conduit network at different
rates based on their propensity or lack thereof to attach to substrates. These studies
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demonstrate the tendency for resuspension of sediment and bacteria under high-flow
conditions well after initial deposition in the conduit.
With regard to nutrient transport and fate, Husic et al. (2019a) found that nitrate
concentrations are highly seasonal and intricately connected to differing weather patterns.
The epikarst and the phreatic conduit account for nearly 90% of N loading in the system,
as opposed to quick-flow pathways that serve more to dilute downstream flow. Even
though denitrification can occur within the aquifer, there is a trend towards increasing
concentration of nitrate in water with residence time. This was attributed to high rates of
evapotranspiration removing water but leaving behind nitrate, a process that is prominent
in temperate climates. Husic et al. (2019b) studied nitrate concentrations and isotopic
signatures in response to atmospheric river and tropical cyclone storm events in the
CR/RS basin. More than 80% of water and nitrate transport occurs via slow and mediumflow pathways as opposed to quick-flow pathways, even during intense storm events.
Consequently, it is necessary to understand the structure of the aquifer in order to
understand how nitrate is cycled and concentrated within it.
1.5 Camden Creek Basin Previous Work
The Camden Creek site at the ARC has a similar geologic setting to Royal Spring
but has been less studied. Of the 14 springs that have been identified at the ARC, nine are
classified as ephemeral, three are local perennial, and two are regional perennial (Keagy
et al., 1993). The Camden Creek basin is an immature karst basin relative to the CR/RS
basin. This is evident in the lack of hydrologic connection to a deeper regional conduit
and the presence of ephemeral springs that only drain the epikarst (Ford et al., 2019).
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With regard to particle transport, Reed et al. (2010) found that sediment

discharging from spring SP-2 is primarily derived from surface soils and consists mainly
of quartz silt and sand with smaller quantities of calcite and organic material. In this
study, the median size of suspended sediment larger than 10 μm increased in a stepwise
fashion at discharges of greater than 0.5 m3/s, but there was no clear relationship between
total suspended solids and discharge at SP-2. Keagy et al. (1993) found that bacterial
counts at the ARC occasionally exceeded drinking-water standards. Reed et al. (2011)
determined that for both storm flow and baseflow at SP-2, concentrations of atypical
coliform bacteria (AC) were greater than total coliforms (TC), which in turn were greater
than fecal coliforms (FC). Values of the AC/TC ratio < 10 are associated with relatively
fresh fecal inputs, and FC values were highest in storm-flow samples. Male-specific
coliphage virus (indicative of human waste) was not detected at SP-2.
With regard to nutrient transport and fate, Keagy et al. (1993) reported that
nitrate-N concentrations exceeded the maximum contaminant level of 10 mg/L at times,
especially near the soil-bedrock interface. Ford et al. (2019) identified the potential
importance of floating aquatic vegetation, which presumably provides a substrate for
bacterial biofilms, for nitrate dynamics in the upper Camden Creek basin. Levels of
dissolved reactive phosphorus were very high along slow-flow pathways, which provide
75% of discharge, due to the reduced retention capacity of residual soils formed from the
Ordovician limestone.
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Figure 3. Geologic map of Scott, Woodford, and Fayette counties with Royal Spring and
UK ARC site labeled (data courtesy of Kentucky Geological Survey).

16

Figure 4. Land use within Scott, Woodford, and Fayette counties (data courtesy of U.S.
Geological Survey).

Chapter 2. Methods
2.1 Instrument Calibration
Two in-situ fluorometers manufactured by Turner Designs were purchased for
continuous monitoring: a Cyclops 7F outfitted with tryptophan optics and a C3 with
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optics for tryptophan, colored DOM (CDOM, synonymous with FDOM), and fluorescein
dye. The Cyclops 7F was attached to a logger made by Precision Measurement
Engineering and calibrated following manufacturer instructions using a 2000 ppb
tryptophan solution (Lawrence Younan, Turner Designs, 2021, personal communication).
The C3 was calibrated following manufacturer protocol using a 5000-ppb tryptophan
solution and a 100-ppb fluorescein solution (Lawrence Younan, Turner Designs, 2022,
personal communication). For CDOM, a 400-ppb PTSA (1,3,6,8-pyrenetetrasulfonic acid
tetrasodium salt) solution standard provided by Turner Designs was diluted to 80 ppb
because large quantities were needed to calibrate the fluorometer, and only a limited
volume of standard was available. Because PTSA solution was not the fluorophore of
interest in this scenario (CDOM), these results should be considered semi-quantitative.
Each fluorometer was secured to a catwalk at Royal Spring and the optics were
cleaned every 1–4 weeks when the fluorometer was accessed during weekly sampling.
Logging occurred at 15-minute intervals. The 7F was deployed at Royal Spring from
August 4, 2021, to December 22, 2021, before it was moved to the ARC. On February
10, 2022, the sensor was recalibrated with a 5000-ppb solution in the same manner as the
C3. During this calibration, the 7F was damaged and did not yield consistent data
afterward. Therefore, data collected at the ARC were not considered for any analysis
involving TLF. On March 11, 2022, monitoring for TLF resumed at Royal Spring
utilizing the C3 in place of the 7F.
2.2 Manual Monitoring and Laboratory Analyses
Manual monitoring was conducted weekly from June 9, 2021, to June 22, 2022.
Grab samples were collected in autoclaved 1-liter polypropylene bottles for IDEXX
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analysis. Samples for anion analysis were filtered through a 0.45-micron nylon filter and
stored in 125-mL HDPE bottles. During transport, environmental samples were stored on
ice in a cooler. Upon returning to the lab, grab samples were prepared for IDEXX
analysis by dilution (if needed), application of IDEXX Colilert reagent, and sealing of
Quantitrays. This was always done < 8 hours after collection of the first sample. The
prepared samples were then incubated for 24–28 hours at 35 °C and examined under a
UV lamp to quantify TC and E. coli. Blanks were collected periodically and were always
≤ 1 most probable number (MPN)/100 mL for E. coli and TC (IDEXX, 2022). Samples
for anion analysis were frozen for storage and thawed prior to analysis by anion
chromatography in the UK Department of Plant and Soil Sciences soil chemistry
laboratory.
2.3 Storm-Event Monitoring
In addition to weekly sampling events, a storm event was chosen for highresolution sampling at Royal Spring from 19:00 May 5, 2022, to 21:00 May 6, 2022.
Grab samples for IDEXX analysis were collected hourly throughout the duration of the
event and processed < 8 hours after collection. FDOM samples were collected every 4
hours, as well as at the first and final sampling hours and at 16:30 May 7, 2022. A tracer
test was conducted by dissolving 740 g of fluorescein dye powder in 20 L of Lexington
tap water taken from the hydrogeology laboratory in the UK Department of Earth and
Environmental Sciences. The fluorescein concentration was chosen based on dye
concentrations used for previous dye traces performed in the basin. The dye solution was
injected into the same swallet used by Bandy et al. (2020), ~ 6.25 km from Royal Spring,
and flushed with 120 L of tap water from ~ 22:00 to 22:08 on May 5. The samples
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collected during the dye trace and tap water were analyzed using the benchtop
fluorometer at the Kentucky Geological Survey (KGS) following the methods of Currens
(2013).
2.4 Data Sources and Treatment
To relate TLF to E. coli, two logged data points were used, one before the E. coli
sample was taken and one after, except as follows. On August 4, 2021, when the
fluorometer was initially deployed, two measurements were taken after deployment. On
August 25, while the fluorometer was out of the water for cleaning, it recorded a TLF
value, which was discarded. On December 8, when the fluorometer was not submerged
due to low water level at Royal Spring, the first two data points after the fluorometer was
returned to the water were recorded. On March 16 and 30, 2022, the fluorometer did not
stabilize following redeployment until after the first reading. In this instance, the average
of the TLF reading before the fluorometer was removed and the reading proceeding the
first reading after redeployment was taken to determine the TLF value. When a sample
time coincided with a fluorometer reading, the average of the TLF value at that time and
the values before and after was recorded. The mean TLF value was compared to the
corresponding E. coli concentration for the same date. The minimum detection limit of
the TLF optics was 3 ppb, so in the event of a TLF value of <3 ppb, a value of 3 ppb was
used in the analysis.
In-situ turbidity values logged at Royal Spring (James Fox, UK Department of
Civil Engineering, 2022, unpublished data) were used in the Akaike information criterion
(AIC) model selection as a variable to predict E. coli. Turbidity values were used because
turbidity has been correlated to E. coli in other studies (Dorner et al., 2007; Vidon et al.,
20

2008). The average of the turbidity value directly before and directly after sample
collection was used (the logger took measurements at 15-minute intervals). When the
sampling time coincided with a turbidity measurement, the value at that time and the
measurements before and after were averaged. In the case of missing data, the last
turbidity measurement before the missing data began and the first turbidity measurement
after it ended were averaged.
For discharge measurements from the USGS gauge at Royal Spring (USGS,
2022), an average of the reading before and after the sample time was used. As noted
previously, sediment and bacteria can be carried through the conduit or remobilized
within it at sufficiently high discharge values. When the discharge measurement
coincided with a sampling event, the discharge value was calculated by taking the
average of the measurement at that time as well as the measurements before and after.
For the one instance in which data were missing, the last measurement taken before the
gauge recording stopped and the measurement taken as soon as the recording resumed
were averaged.
For precipitation data, hourly precipitation values from Lexington Blue Grass
Airport (38.0408 °N, 84.6058 °W, 299 m above mean sea level; Midwest Regional
Climate Center [MRCC], 2022) were used. This monitoring station was ~ 19 km from
Royal Spring and ~ 14 km from the ARC. Precipitation totals over the preceding 48, 96,
and 168 hours were calculated for use as variables in statistical analysis. Missing values,
which accounted for only ~ 1% of the dataset (12 values), were treated by taking the
average of the precipitation totals in the hour preceding and following the missing value.
Of the 62 sampling events (including the samples taken during storm monitoring), 35
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were within 48 hours of a discernible amount of precipitation and 52 and 60 were within
96 hours and 168 hours of discernible precipitation, respectively. Antecedent
precipitation is often correlated to E. coli (Buckerfield et al., 2019; Gentry et al., 2006) in
karst systems as well as other systems.
For examining the relationship between discharge and TLF, discharge peaks from
the USGS gauge at Royal Spring were selected when discharge increased by a factor of
2.5 within 72 hours and achieved a maximum value > 20 ft3/s (570 L/s). This criterion for
peak selection was determined by observing periods when TLF increased with discharge.
Some smaller discharge peaks were visually apparent, but many of these smaller peaks
lacked associated TLF peaks or were too close temporally to determine which peaks were
associated. In the event of sustained discharge at the same level for 30 minutes or longer,
the timestamp in the middle of the peak was recorded.
2.5 Statistical Analysis
To compare the fluorometers and highlight the importance of instrument
specificity for this analysis, TLF values from each fluorometer were plotted against E.
coli (Figure 5). Although the data were non-normally distributed, they were assumed to
be a subset of an overall normally distributed dataset, which is commonly the case
(Benjamin Tobin, Kentucky Geological Survey, 2022, personal communication). In order
to determine the correlation between TLF and E. coli, a Pearson’s correlation test was
used. One-way ANOVA was used to determine whether a significant difference in E. coli
concentrations existed between sites.
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The best linear model for prediction of E. coli from the monitored parameters was
selected using the AIC, an information theoretic approach applied to linear regression
models. This allowed the treatment of instrument type and TLF as interactive variables,
which was important because of the use of two different fluorometers. The AIC approach
assigns a weight to how well each model fits the data while avoiding overfitting or
underfitting the data by penalizing models that include extra predictive parameters
(Anderson and Burnham, 2002). AIC has been successfully implemented in studies
involving water in karst media (Behrouj-Peely et al., 2020; Tobin et al., 2021). The
parameters used to predict E. coli were TLF alone, TLF and the instrument used to record
it (as an interaction variable), 48-hour antecedent precipitation, turbidity, and air
temperature. Average daily air temperature at Blue Grass Airport (MRCC, 2022) was
taken as a proxy for seasonality. Discharge values were not considered because gauge
data at Royal Spring display peaks and troughs resulting from pumping by the municipal
water treatment plant. Water temperature was not considered because pathogenic E. coli
are not likely to exhibit primary growth in spring environments with relatively cool
temperatures and low nutrient availability (Gail Brion, UK Department of Civil
Engineering, 2022, personal communication).
During the period where both TLF and E. coli were being recorded, two dates had
E. coli values above the detectable limit (2419.6 MPN/100 mL). To address this, these
dates were assigned values of 2419.6 MPN/100 mL. This approach was chosen as
opposed to dropping the over-range values because only five measurements of E. coli >
2000 MPN/100 mL were recorded during the sampling period at Royal Spring.
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For anions, the same models designed for prediction of E. coli were used to
determine the best-fit model for the prediction of nitrate, phosphate, and sulfate at Royal
Spring. Statistical differences in anion concentrations between the ARC and Royal Spring
were also assessed using one-way ANOVA for nitrate, chloride, fluoride, sulfate, and
phosphate. Despite the non-normal distribution of anion concentrations measured during
the sampling period, it was assumed that the data collected are a subset of an overall
normally distributed dataset. One-way ANOVA was also used to determine significant
differences in seasonal concentrations of anions at both sites. Tukey’s honest significant
difference test was used to assess seasonal differences in anion concentrations. Of the
anions analyzed, only phosphate was ever below the minimum detection limit (0.0149
mg/L); this occurred for one sample at the ARC and four samples at Royal Spring. In
these instances, the minimum detection limit was taken as the phosphate concentration.

Chapter 3. Results
3.1 Precipitation and Discharge
Daily precipitation values at Blue Grass Airport ranged from 0 to 71 mm/day
throughout the monitoring period. Assuming that precipitation was 0 for the 45 days
when trace amounts (< 2.5 mm) were recorded, the total measurable rainfall during the
sampling period (379 days) was 1508 mm. Daily air temperature ranged from -11.4 °C to
30.6 °C and averaged 14.2 °C. The normalized value of annual precipitation during the
study period was higher than 70% of the annual precipitation values from 2001 through
2020.
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Mean daily discharge values at Royal Spring ranged from 21 L/s to 1826 L/s. The
average mean daily discharge over the course of the study was 731 L/s. From 2001
through 2020, average daily mean discharge in a calendar year ranged from 257 L/s
(2005) to 1113 L/s (2018). The average daily discharge during the sampling period was
higher than 65% of the annual averages of average daily discharge from 2001 through
2020.

3.2 Relationships of TLF and Turbidity to E. coli
At the ARC, E. coli concentrations ranged from 10 to 3255 MPN/100 mL with a
mean of 533.1 MPN/100 mL and a median of 305 MPN/100 mL. At Royal Spring, E. coli
concentrations ranged from < 1 MPN/100 mL to 4839.2 MPN/100 mL, with a mean of
493.4 MPN/100 mL and a median of 123.4 MPN/100 mL. Typically, the two basins
followed similar trends with respect to E. coli concentrations from week to week, but
concentrations tended to fluctuate more dramatically at Royal Spring than at the ARC.
For comparing concentrations between sites, values from the storm-event monitoring at
Royal Spring were not considered because such a sampling event was not conducted at
the ARC. In total, 54 sampling events occurred between June 9, 2021, and June 22, 2022.
Only one week (which would have had a sampling event on December 29, 2021) was
skipped. While median E. coli values were higher at the ARC, a one-way ANOVA test
indicated that mean E. coli values were not statistically significantly different between
sites (F = 0.06, p = 0.8, n = 54).
For TLF values measured using the 7F from August 4 to December 22, 2021, a
moderate positive correlation with E. coli was observed (ρ = 0.867, p = 3.8e-7, n = 21).
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For TLF values recorded with the C3 from March 11 to June 15, 2022, including stormevent monitoring, a weaker positive correlation was recorded (ρ = 0.439, p = 0.004, n =
41). The range of values for the data collected by the 7F includes the two occasions
(August 11 and August 18) when the IDEXX results for E. coli were beyond the readable
range (> 2419.6 MPN/100 mL) and were taken as equal to the upper detection limit. To
avoid this problem, subsequent samples were diluted prior to analysis.
The slopes of the relationships between TLF and E. coli for each instrument were
notably different as well. The linear regression equations obtained in R using linear
regression model code are E. coli = 116.6 TLF – 1080.2 for data collected by the 7F and
E. coli = 22.5 TLF – 266.8 for data collected by the C3. This difference of slopes
between the two fluorometers was addressed by using the instrument as an interaction
variable in the AIC model selection.
Another positive but slightly weaker correlation was observed between E. coli and
turbidity during the deployment period from August 4 to December 22, 2021 (ρ = 0.642,
p = 0.002, n = 21). A Pearson’s correlation was again used to determine correlation.
During the period of C3 deployment, a significant correlation between E. coli and
turbidity did not exist.
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Figure 5. E. coli concentrations plotted versus TLF concentrations measured by the C3
and 7F fluorometers.

Figure 6. Time series of turbidity and discharge at Royal Spring and precipitation at Blue
Grass Airport (1.00 cfs = 28.3 L/s; 1.00 in. = 25.4 mm).
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Figure 7. Time series of E. coli at Royal Spring and precipitation at Blue Grass Airport
(1.00 in. = 25.4 mm).

3.3 Storm-Event Dye Trace
During the storm-event dye trace, fluorescein dye breakthrough appeared to occur
at ~ 21:30 on May 6, 2022, and the concentration peaked at ~ 1:00 on May 7 at 90.53
ppb. These times were ~ 23.5 and ~ 27 hours post-injection, respectively. The fluorescein
peak was more coincident with the discharge peak while TLF and CDOM peaked after
peak discharge. For analyses using the benchtop fluorometer at KGS, the only sample
with a signal above the baseline concentration was taken on May 7 at 16:30, which was
determined to have a concentration of 0.33 ppb fluorescein based on a calibration curve
made with laboratory standards. Additionally, tap water samples collected from the lab
were analyzed and had no appreciable fluorescence signal. The difference in peak
concentration times between TLF and fluorescein dye was ~ 25.75 hours. The CDOM
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and TLF peaks were nearly coincident, while the discharge peaked between the
fluorescein and TLF peaks.
Mass flux was calculated to determine recovery of fluorescein. The calculated
value after baseline correction (1590 g) was greater than the mass injected (740 g),
suggesting that values recorded by the C3 were not exact. This could be because a 2-point
calibration (utilizing only a blank and a 100-ppb standard) was performed, as per the
manufacturer’s instructions. The value calculated from the fluorescence intensity on the
benchtop fluorometer, which utilized a calibration curve created with the values recorded
for fluorescein standard concentrations of 1, 2, and 10 ppb, also did not agree with the
raw fluorescein concentrations recorded in the field. While the fluorescein concentrations
recorded on the C3 may be inaccurate, the breakthrough values are high enough above
baseline that this likely is not a problem in terms of analyzing arrival and peak
concentration times.
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Figure 8. Discharge and concentrations of fluorescein, CDOM and TLF during the
monitored storm event (1.00 cfs = 28.3 L/s).
3.4 Akaike Information Criterion Model Selection
The models used for AIC model selection are listed in Figure 9 and the
subsequent results are shown in Figure 10. AICc refers to AIC units of the respective
model, and a lower value indicates a better model. Delta AIC refers to the AICc units of
the model in question minus the lowest AICc value. The results of the AIC indicate that
model 2 (E. coli depending on TLF-instrument interaction and 48-hour antecedent
rainfall) was the best-fit model, with models 8 and 7 as competing models (delta AIC <
2). All three models were significant (p < 0.001), with r2 values of 0.52 for model 2, 0.53
for model 8, and 0.48 for model 7.
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Figure 9. List of linear models used for each AIC model selection in R. “Ecoli” is E. coli
concentration, “TLF*Inst” is TLF-instrument interaction, “rain_48hours” is 48-hour
antecedent rainfall, “turb” is turbidity, “TLF” is TLF concentration, and “airT” is air
temperature.

Figure 10. Results of the AIC model selection run indicating that m2 is the most likely
model.
M2
M8
M7

Intercept TLF
Inst
rain_48hours turb
airT
TLF:Inst F‐statistic r2
‐194.76
14.44
‐350.44
888.09 N/A
N/A
47.62
17.61
‐971.38
17.49
‐120.3
936.78
‐28.21
11.36
41.39
12.46
‐713.19 N/A
N/A
1258.92 N/A
14.95 N/A
29.71

0.52
0.53
0.48

Figure 11. Model coefficients, model fit, and F-statistics for competing models (TLF =
tryptophan-like fluorescence, rain 48hours = 48-hour antecedent rainfall, turb = turbidity,
airT = air temperature).
3.5 TLF and Discharge Peak Timing
Visual inspection indicated 16 discharge peaks while the 7F was deployed and six
discharge peaks while the C3 was deployed (Figure 11). An associated TLF peak was
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identified for all but three discharge peaks, all of which occurred in December. For 15 of
19 events, the discharge peak preceded the TLF peak by ~ 6 to ~ 53.5 hours, with a mean
lag of ~ 22 hours and a median lag of ~ 18.5 hours (approximated by rounding each lag
time to the nearest half hour). In the other four events, the TLF peak preceded the
discharge peak by ~1 to ~24 hours.

Figure 12. TLF concentrations and discharge during fluorometer deployment at Royal
Spring (1.00 cfs = 28.3 L/s). Discharge peaks are indicated by numbers that correspond to
their order of occurrence.
3.6 Major Anions
The models selected for AIC analysis to predict E. coli concentrations were used
to predict nitrate, phosphate, and sulfate concentrations as well. Like E. coli, nitrate and
phosphate are associated with human and animal waste. Nitrate, phosphate, and sulfate
concentrations at Royal Spring were most accurately predicted by the full model, which
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was > 10 times more likely to explain the variance of the anion of interest than the next
best competing model.

Figure 13. Results of the AIC model selection run for nitrate, phosphate, and sulfate at
Royal Spring.

M8 (Nitrate)
M8 (Phosphate)
M8(Sulfate

Intercept
TLF
InstF7
rain_48hours turb
airtT
TLF:Inst7 F‐statistic r2
15.3165 ‐0.0346
0.4494
‐1.757
0.3256 ‐0.0825 ‐0.0784
12.92
‐0.0823 ‐0.0009
0.1104
0.0959
‐0.0062
0.004
0.0016
6.729
37.6103

0.0462 ‐10.9956

‐2.3367

‐1.39

0.1112

0.2961

15.6

0.68
0.51
0.73

Figure 14. Model coefficients, model fit, and F-statistics of best fit model for nitrate,
phosphate, and sulfate.
Concentrations of most major anions differed significantly between the ARC and
Royal Spring. The mean nitrate concentration was significantly higher at the ARC (13.3
mg/L) than at Royal Spring (10.6 mg/L) (F = 24.11, p = 3.5e-6, n = 52), whereas mean
phosphate concentrations were not significantly different between sites (ARC = 0.24
mg/L, Royal Spring = 0.23 mg/L; F = 0.06, p = 0.8, n = 52). The mean fluoride
concentration was significantly higher at Royal Spring (0.30 mg/L) than at the ARC (0.24
mg/L) (F = 62.39, p = 3.4e-12, n = 52). Likewise, the mean chloride concentration was
significantly higher at Royal Spring (59.4 mg/L) than at the ARC (13.8 mg/L) (F = 100.4,
p ≤ 2.2e-16, n = 52). The mean sulfate concentration was also significantly higher at Royal
Spring (33.2 mg/L) than at the ARC (11.1 mg/L) (F=307, p ≤ 2.2e-16, n = 52). One day of
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data (May 25, 2022) was not considered for the Royal Spring dataset because there was
not a corresponding sample for that day in the ARC dataset.
At both sites, nitrate peaked in the autumn and winter; concentrations began to
decline in the spring and were lowest in the summer (Figure 15). Phosphate at both sites
peaked in the summer and remained elevated into autumn, when it began to decline until
it reached its lowest concentrations in the winter (Figure 16). A fluoride peak in autumn
was identified at both study sites (Figure 17). Chloride was seasonally variable at both
sites, but at Royal Spring there were peaks of chloride in the winter and spring that were
not observed at the ARC (Figure 18). The ARC was mainly characterized by low autumn
values of chloride. No systematic seasonal variability was evident for sulfate at either site
during the monitoring period (Figure 19).

Figure 15. Time series of nitrate concentrations at Royal Spring and the ARC.
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Figure 16. Time series of phosphate concentrations at Royal Spring and the ARC.

Figure 17. Time series of fluoride concentrations at Royal Spring and the ARC.
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Figure 18. Time series of chloride concentrations at Royal Spring and the ARC.

Figure 19. Time series of sulfate concentrations at Royal Spring and the ARC.

Temporal variability of anions at each site was also analyzed statistically. Oneway ANOVA was used to determine whether there were significant differences between
anion concentrations for at least two seasons. For nitrate at Royal Spring, a significant
difference between at least two seasons was observed (F = 24.5, p = 8.1e-10, n = 53)
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(Figure 20). Tukey’s HSD test indicated significant differences between nitrate
concentrations between winter and spring (p = 1e-7, 95% C.I. = [3.1, 7.1]), autumn and
summer (p = 0.01, 95% C.I. = [0.5, 4.4), winter and summer (p < 1e-7, 95% C.I. = [4.1,
8.1]), and winter and autumn (p = 9.1e-5, 95% C.I. = [1.6, 5.7]). A significant difference
in nitrate concentrations for at least two seasons was also identified at the ARC (F = 6.78,
p = 6.7e-4, n = 52). Tukey’s HSD test indicated significant differences between nitrate
concentrations between autumn and spring (p = 1.7e-3, 95% C.I. = [1.1, 6.1]), winter and
spring (p = 0.01, 95% C.I. = [0.6, 5.6]), and autumn and summer (p = 0.03, 95% C.I. =
[0.2, 5.2]).
For phosphate at Royal Spring, a significant difference between at least two
seasons was observed (F = 12.2, p = 4.3e-6, n = 53) (Figure 21). Tukey’s HSD test
indicated significant differences between phosphate concentrations in summer and spring
(p = 0.006, 95% C.I. = [0.04, 0.29]), winter and spring (p = 0.04, 95% C.I. = [-0.26, 0.01]), winter and summer (p = 1.4e-6, 95% C.I. = [-0.43, -0.16]), and winter and autumn
(p = 0.005, 95% C.I. = [-0.31, -0.04]). At the ARC, a significant difference between at
least two seasons was also observed (F = 3.7, p = 0.02, n = 52). Tukey’s HSD test
indicated a significant difference between phosphate concentrations in winter and
summer (p = 0.01, 95% C.I. = [-0.38, -0.04]).
For fluoride at Royal Spring, a significant difference between at least two seasons
was observed (F = 4.31, p = 0.009, n = 53) (Figure 23). Tukey’s HSD test indicated
significant differences between fluoride concentrations in autumn and summer (p =
0.009, 95% C.I. = [0.01, 0.09]). At the ARC, a significant difference between at least two
seasons was also observed (F = 3.7, p = 0.018, n = 52). Tukey’s HSD test indicated
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significant differences between fluoride concentrations between autumn and summer (p =
0.009, 95% C.I. = [0.01, 0.066]).
For chloride at Royal Spring, a significant difference between at least two seasons
was observed (F = 9.69, p = 3.9e-5, n = 53) (Figure 22). Tukey’s HSD test indicated
significant differences in chloride concentration between summer and spring (p = 0.001,
95% C.I. = [-66.9, -13.5]), autumn and spring (p = 8.9e-5, 95% C.I. = [-74.9, -21.5]), and
winter and autumn (p = 0.02, 95% C.I. = [4.4, 60.8]). At the ARC, a significant
difference between at least two seasons was also observed (F = 2.92, p = 0.04, n = 52),
but Tukey’s HSD test only indicated a significant difference between autumn and spring
(p = 0.049, 95% C.I. = [-12.4, -0.01]). In contrast to other anions, sulfate did not vary
significantly by season at Royal Spring or the ARC (Figure 24).

Figure 20. Boxplots of nitrate concentrations at Royal Spring and the ARC by season.
Boxes indicate 25th to 75th percentile.
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Figure 21. Boxplots of phosphate concentrations at Royal Spring and the ARC by
season. Boxes indicate 25th to 75th percentile.

Figure 22. Boxplots of fluoride concentrations at Royal Spring and the ARC by season.
Boxes indicate 25th to 75th percentile.

Figure 23. Boxplots of chloride concentrations at Royal Spring and the ARC by season.
Boxes indicate 25th to 75th percentile.
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Figure 24. Boxplots of sulfate concentrations at Royal Spring and the ARC by season.
Boxes indicate 25th to 75th percentile.

Chapter 4. Discussion
This study suggests that a relationship between TLF and E. coli exists in the
CR/RS basin. The model including TLF-instrument interaction as well as 48-hour
antecedent precipitation and the model containing all inferred proxies are the best-fit
models in the AIC analysis, while the model containing just air temperature and 48-hour
antecedent rainfall was also a competing model. This indicates that while the models
including TLF are the best models for the prediction of E. coli, a model without any of
the TLF data can perform similarly well in terms of predicting E. coli.
In accordance with some of the existing literature on the topic, TLF could be
useful as a high-level screening tool for E. coli (Ward et al., 2020, 2021). However,
monitoring for TLF may not be worth the cost of the instruments ($9,984 for the C3 with
the additional optics for CDOM and fluorescein and $4,825 for the 7F and logger with its
communication cable). While model 2 and model 8 were the top two models selected by
AIC, the fact that model 7 (which included only 48-hour antecedent rainfall and air
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temperature) was a competing model raises questions about the usefulness of monitoring
TLF. These other proxies are much more easily and affordably monitored. In addition,
there were occasional TLF spikes ranging over an order of magnitude, which did not
seem to correlate with any sort of environmental phenomena. These spikes occurred on
two occasions between August 4 and December 22, 2021, and eight occasions between
March 11 and June 21, 2022.
Because most field-based measurements of TLF have been conducted using a
single sensor, instrument specificity has not been explicitly considered in previous
studies. In this study, the C3 tended to have a high baseline TLF concentration relative to
the 7F and the linear regression models determined for each fluorometer were different.
This was addressed in the analysis by treating TLF and the instrument recording it as an
interaction variable and assigning different coefficients to the TLF variable and different
intercept values for the data from each instrument. The differences observed between
fluorometers might have been exacerbated by calibrating with two different standards,
but the manufacturer’s instructions were followed for both calibrations and the
fluorometers were calibrated directly with the fluorophores of interest.
During the storm-event monitoring, the travel time of fluorescein from the swallet
where it was injected (Figure A1) to Royal Spring was broadly consistent with previously
published studies. A single fluorescein spike was recorded at 8:15 on May 6, ~ 10 hours
post-injection but ~ 13.5 hours before the main fluorescein breakthrough. This outlier
could reflect trace amounts of fluorescein in runoff around the spring, such as from
radiator coolant that leaked onto a nearby street. Paylor and Currens (2004) reported
travel times of 9–26 hours from the swallet to the spring during storm events using
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optical brightener as a tracer, whereas Bandy et al. (2020) reported a first detection time
of 59 hours for rhodamine WT injected under baseflow conditions. The nearly 26-hour
lag between fluorescein and TLF peaks in this study could be a result of the fact that
fluorescein was directly injected into a preferential flow path while TLF was derived
from materials at the surface and took a longer time to travel through the aquifer.
Alternatively, the bacteria responsible for the TLF signal may have moved more slowly
than the dissolved fluorescein through the aquifer, perhaps because of microbial
attachment to subsurface sediments, as inferred by Bandy et al. (2020).
Results indicate that TLF typically (but not always) peaks after discharge at Royal
Spring during storm flow. Similarly, Bettel et al. (2022) observed that sediment
concentrations often peak after discharge at Royal Spring, depending on the extent of preevent water storage prior to the increase in discharge. This suggests that TLF transport in
the phreatic conduit is likely related to sediment transport in some capacity. However, the
lag time between discharge and TLF peaks, which had a median of ~ 18.5 hours when
peak discharge preceded peak TLF, is greater than the lag time between discharge and
sediment peaks at Royal Spring, which was reported to have a mode of ~ 5 hours (Bettel
et al., 2022). This could be a result of differences in the sources of TLF (e.g., surficially
derived) and turbidity. Most turbidity fluxes at Royal Spring are a result of both
resuspended subsurface sediment and surficially derived sediments (Bettel et al., 2022).
Similarly, the difference in turbidity and E. coli responses to precipitation at Royal
Spring could be an artifact of the lower sampling frequency of E. coli, but could also be
due to differences in the sources of sediments and bacteria or seasonal differences. E. coli
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was highest at both sites during the late summer and early fall, which could reflect greater
precipitation, higher temperatures, or a greater amount of grazing activity by livestock.
Significant differences between basins were observed for all anions measured
except phosphate. It is likely that differences in land use within the basins can explain
differences between anion concentrations. Livestock raising can plausibly explain
elevated nitrate concentrations at the ARC, whereas better developed quick-flow
pathways in the CR/RS basin may dilute nitrate at Royal Spring (Husic et al., 2019a).
Elevated fluoride concentrations at Royal Spring may be attributable to leaks from water
mains (Passarello et al., 2012), which carry fluoridated water, whereas elevated chloride
concentrations at Royal Spring are presumably due to greater application of road salt in
the basin during the winter months in order to combat snow and ice (Robinson and
Hasenmueller, 2017). Higher concentrations of sulfate at Royal Spring could be from
calcium sulfate impurities found in deicing salts (Pitt et al., 1987). Phosphate is high in
both study locations because of the high phosphorus content of the parent material
(USDA, 1993) and the legacy inorganic phosphate from fertilizers and phosphate from
manure that have been applied to the soils. Generally, farmers no longer apply
phosphorus-containing fertilizers in the area because the soils are already rich in
phosphorus. Phosphate levels at springs remain elevated due to limited capacity of
bedrock, soils, and sediments in conduits to attenuate dissolved reactive phosphorus
(DRP) (Ford et al., 2019; Radcliff, 2021). Fertilizer applications by residents in urban
areas, such as portions of the CR/RS basin, may also contribute phosphorus (University
of Kentucky College of Agriculture, Food and Environment, 2018). During periods of
increased precipitation and discharge, soils containing high levels of phosphorus are
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connected to springs through karst features such as sinkholes and swallets and DRP in the
springs often spikes (Radcliff, 2021). The phosphate levels in this study were highest
during periods of increased precipitation, supporting past research.
The seasonality of nutrient concentrations observed at both sites broadly agrees
with trends seen in other studies. Elevated levels of nitrate in the fall and winter are
presumably due to fall fertilizer application (Husic et al., 2019a), while the lower
concentrations of nitrate in the late spring and summer are likely a result of plant uptake
(Ford et al., 2019). Conversely, phosphate concentrations are higher in the summer and
lower in the winter (Ford et al., 2018).

Chapter 5. Conclusions
The primary purpose of this study was to examine the utility of real-time TLF
measurements as a proxy for E. coli in karst drainage basins in the Inner Bluegrass
region. While a positive relationship was seen at Royal Spring, relationships between
other proxies and E. coli were also observed. The fact that other more easily and cheaply
monitored parameters (air temperature and antecedent precipitation) were effective
predictors of E. coli concentrations suggests that the expense of instrumentation to
monitor TLF may not be justifiable. A secondary purpose was to examine temporal and
inter-basin variability in concentrations of five anions that can be indicators of non-point
source pollution. Concentrations of anions other than phosphate were significantly
different between sites and concentrations of anions other than sulfate varied seasonally.
The differences in anion concentrations between sites likely reflect differences in land
use between the two basins (agricultural in the Camden Creek basin versus partly urban
in the CR/RS basin). The behavior of fluorescein injected during a storm event and the
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response of TLF to precipitation were broadly consistent with previous studies of tracer
and sediment transport in the CR/RS basin. For future studies of TLF, protocols for
calibration of fluorometers should be standardized to obtain consistent measurements.
Additionally, it would be beneficial to perform bench-top tests to create a rating curve
between instruments prior to co-deployment, as well as deploying multiple fluorometers
calibrated using the same methods at a single sampling point to identify potential
differences between fluorometers.
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Appendix

Figure A1. Swallet adjacent to the Alltech arena parking lot at the Kentucky Horse Park,
where dye injection occurred.
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Figure A2. Royal Spring during low-flow conditions.
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Figure A3. Catwalk downstream of spring where samples were collected and the
fluorometers were fastened.
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Figure A4. View downstream along Camden Creek at ARC, where samples were
collected for most of the monitoring period.
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Figure A5. Table showing all values for weather parameters, E. coli concentrations,
discharge, major anions, TLF and instrument in use during the time in which a
fluorometer was deployed during this project. Blank cells indicate no data for that date.
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